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ABSTRACT 



A microwave source is coupled to an electron cyclo- 
tron resonance (ECR) system by circularly polarizing 
the microwave energy from the source in an angular 
direction with cooperates with the ECR system's mag- 
netic field to produce electron cyclotron resonance, and 
coupling the circularly polarized microwave energy to 
the plasma using a quarter wave vacuum window trans- 
former having a dielectric constant which matches the 
impedance of the circularly polarized microwave en- 
ergy to the impedance of the plasma. The impedance 
matching transformer is preferably a vacuum window 
of the ECR chamber having quarter wave thickness and 
the appropriate dielectric constant. For high density 
plasmas in a standard ECR system of 6 cm radius an 
alumina window 0.98 cm thick procides optimum cou- 
pling. The reflected power from the plasma is thereby 
minimized to provide a dense plasma for the ECR tool 
while reducing or eliminating the need for manual ex- 
ternal tuners for the microwave source. 



15 Claims, 7 Drawing Sheets 
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processing throughput. Efficiency increases may in- 
METHOD AND APPARATUS FOR COUPLING A elude, among other things, simplified operation, in- 
MICROWAVE SOURCE IN AN ELECTRON creased reliability, decreased need for attended opera- 

CYCLOTRON RESONANCE SYSTEM tion( and decreased size. 

5 One attempt at increasing the uniformity of the 
FIELD OF THE INVENTION plasma ^ described in Europe an Patent Application 

This invention relates to Electron Cyclotron Reso- 87/311,451.6 to Nakamura et al. entitled Plasma Appara- 

nance (ECR) systems for processing a sample such as a rul Described is an ECR tool having a second magnet 

semiconductor substrate, and more particularly to a in addition to the main magnet, with the second magnet 

method and apparatus for coupling a microwave source functioning to more evenly distribute the flux density 

in an ECR system. adjacent the substrate to be processed. Another attempt 

BACKGROUND OF THE INVENTION to improve the plasma azimuthal uniformity is de- 

, /t^t»\ * i scribed in U.S. Pat. No. 4,877,509 to Ogawa et al. enti- 

Electron cyclotron resonance (ECR) systems, also TV™ . ^ ' ' ° \ a JL,..* TMiMm*» 
referred to as ECR tools, have been widely investigated " Semiconductor Wafer Treaung Apparatus Utilizing a 
and are increasingly being used for high speed process- Phsm* Disclosed is a rectangular microwave wave- 
ing of samples such as semiconductor substrates. For guide having a rectangular-to-circular microwave con- 
example, ECR tools are typically used to etch a semi- verter and a circular polarization converter for trans- 
conductor substrate or to deposit thin films of materials forming the circular TEn mode microwave supplied 
on such a substrate. 20 from the rectangular to circular microwave converter 

As is well known to those having skill in the art, an into a circularly polarized wave. By using a circular 

' ECR tool typically includes an airtight processing polarized TEn wave, the electric field strength of the 

chamber and a microwave source for generating micro- microwave supplied to the chamber is azimuthally sym- 

wave energy and applying the microwave energy to the metric when av eraged over time to thereby make the 
chamber. A magnetic field is also generated m the pro- » density D f the pi^ma generation uniform. Improved 

cessing chamber A gas is supplied in the processing etchi fa thereb ovided 

chamber, with the particular gas depending upon the A5 ^ al %Q enhance thg 

particular operation to be Permed. The frm^ performance of ECR tools have concentrated on the 

the microwaves and the magnetic field strength are r 

chosen to create electron cyclotron resonance in the 30 efficiency of themtci -owave source nself. For example, 
electrons in the gas, to thereby generate a plasma of the U.S. Pat. No. 4,788,473 to Mon et al. entitled Plasma 
gas in the processing chamber. The plasma generates Generating Device with Stepped Waveguide Transition 
from the gas the reactive species which are used to describes a microwave source having a rectangular 
perform etching or deposition according to well known waveguide which is connected to a vacuum sealing 
techniques. 35 dielectric window, with the waveguide tapering in the 
ECR tools possess a number of advantages compared direction of microwave propagation. The taper is pro- 
to conventional deposition and etch tools. For example, vided by a series of decreasing size waveguides, having 
ECR tools provide electrodeless operation which re- quarter wavelength and half wavelength length. The 
duces chamber wall contamination. The low plasma tapering waveguides allow the use of a smaller mag- 
potential operation provided by ECR tools reduces ion 40 netic CQil for generating the magnetic field thereby 
induced surface damage to the substrate itself. More- deCTeasing the size ^ wcignt 0 f the magnetic coil and 
over, high plasma density and low pressure operation | efficiency. 

can produce high deposition and etch rates with low *L . ° . r^-n ■ i_ j 
particulate formation^ advantages have become Other attempts to increase ECR efficiency have used 
increasingly important for processing state of the art 45 exteraal tuners to optimally tune the incoming micro- 
integrated circuits as device features shrink to submi- wave «* r *y and eliminate unwanted reflection. See for 
* cron sizes. The general design and operation of ECR example U.S. Pat. No. 4,507,588 to Asmussen et al. 
tools is described in U.S. Pat. No. 4,859,908 to Yoshida entitled Ion Generating Apparatus and Method for the 
et al. entitled Plasma Processing Apparatus for Large Area Use Thereof As disclosed, the microwave source cou- 
Jon Irradiation; U.S. Pat. No. 4,727,293 to Asmussen et 50 pier is tuned by means of a "sliding short" during opera- 
al. entitled Plasma Generating Apparatus Using Magnets tion. This external tuning is helpful to reduce reflection 
and Methods: U.S. Pat. No. 4,450,031 to Ono et al. enti- of the microwaves. 

tied Ion Shower Apparatus] U.S. Pat. No. 4,417,178 to Unfortunately, the use of external tuning is undesir- 
Geller et al. entitled Process and Apparatus For Produc- a bl e in ECR tools for many reasons. First, external 
ing Highly Charged Large Ions and an Application Utiliz- 55 tuning must typically be manually performed, and read- 
ing This Process, and Japanese published patent applica- j ustme nt is typically required for each new plasma con- 
tion 88-310887/44 entitled Film Forming Plasma- dition In fact> readjustment is often required even if 
Generating Machine. t , ■ plasma conditions are unchanged, because of unavoida- 
Present efforts to nnprove ECR tools have focused chan m ^ ^ Moreover, it is often difficult 
on increasing the uniformity of the plasma generated Im 60 * microwa ve source at all due to the number 
the tool and in mcreasing the ^J^^^ 0 f modes which are being launched by the microwave 
tool. Increased uniformity is necessary to ensure uni- v . . , , 
formderx>sitionoretchingconditionsacrossihesurface Accordingly, often the plasma jumps between 
of the substrate to be processed. As the size of substrates modes and hysteresis can occur in the tuning. The need 
(wafers) increases, the need for uniformity becomes 65 for external tuners makes ECR tool operation and pro- 
more critical. Increased efficiency is necessary so that cess development less repeatable and also prevents the 
high density plasmas can be generated using minimal achievement of optimum plasma densities, thereby re- 
microwave and. magnetic power to thereby increase ducing the available processing rate. 
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SUMMARY OF THE INVENTION 

It is therefore an object of the present invention to 
provide a method and apparatus for efficiently coupling 
a microwave source in an Electron Cyclotron Reso- 
nance (ECR) tool. 

It is another object of the present invention to pro- 
vide a method and apparatus for coupling a microwave 
source in an ECR tool to generate high density, uniform 
plasma for processing a sample. 

It is still another object of the present invention to 
provide a method and apparatus for coupling a micro- 
wave source in an ECR tool which reduces the need for 
external tuners. 

It is yet another object of the present invention to 
provide a method and apparatus for efficiently coupling 
a microwave source in an ECR tool, over a wide range 
of processing conditions. 

These and other objects are provided according to 
the present invention by coupling a microwave source 
to an ECR tool processing chamber using a circular 
polarizer for circularly polarizing the microwave en- 
ergy in a first angular direction, which cooperates with 
the magnetic field generated by the ECR tool to pro- 
duce electron cyclotron resonance. The circular polar- 
izer substantially reduces microwave energy which is 
circularly polarized in the direction opposite the first 
angular direction. In other words, only the mode that is 
absorbed by the ECR resonance is allowed to propagate 
into the chamber. Typically, for a standard configura- 
tion microwave source, the circular polarizing means is 
a right hand circular polarizing (RHCP) means which 
substantially reduces left hand circularly polarized mi- 
crowave energy. Right hand circularly polarized TEi i 
mode waves are preferably created, although higher 
mode waves may also be used. 

Having polarized the microwave energy to a circu- 
larly polarized form which is compatible with the mag- 
netic field to produce electron cyclotron resonance, the 
invention also provides a microwave transformer to 
directly couple the circular polarizer and the processing 
chamber. The microwave transformer matches the im- 
pedance of the circularly polarized microwave energy 
to the impedance of the plasma, to thereby enhance the 
coupling of the circularly polarized microwave energy 
to the plasma. Impedance matching reduces the amount 
of reflected microwave energy and optimizes the cou- 
pling of the energy to the plasma, thereby increasing the 
plasma density for a given amount of microwave en- 
ergy. The need for an external tuner is reduced or elimi- 
nated. If necessary, any remnants of reflected energy 
may be minimized by adjusting the magnetic field 
strength. 

In a preferred embodiment of the present invention, 
the impedance matching transformer takes the form of a 
vacuum sealing window which directly couples the 
circular polarizer to the plasma in the chamber. The 
thickness and composition of the vacuum window is 
selected to match the impedance of the circularly polar- 
ized microwave energy to the impedance of the plasma 
in the chamber. In particular, the thickness of the vac- 
uum window is selected to be one quarter wavelength, 
to thereby reduce reflection of the microwave energy. 
Also, the dielectric constant of the vacuum window is 
selected to provide an impedance match between the 
relatively high impedance waveguide and the low impe- 
dance plasma. 
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The present invention stems from the realization that 
an electron cyclotron resonance tool requires a vacuum 
window for isolating the plasma in the chamber from 
the microwave source. However, the present invention 

5 utilizes this vacuum window to act as an impedance 
matching transformer for optimally coupling the micro- 
wave energy from the circular polarizer to the plasma. 
The vacuum window will act as a microwave circuit 
element in the ECR tool, since the microwaves must 

10 pass through the vacuum window. Accordingly, the 
dielectric constant and thickness of. the window are 
selected to provide between the microwave source and 
the plasma. 

Present day ECR tools typically use a microwave 

15 frequency of 2.45 GHz and a corresponding magnetic 
field strength of B=875G at the ECR resonance. As- 
suming B=950G at the vacuum window and a TEn 
mode in a waveguide radius of 6 cm, the high density 
plasma generation (i.e., plasma density greater than 

20 about 10 12 per cubic centimeter), an (AI2O3) vacuum 
window, 0.98 cm thick, having a relative dielectric 
constant of 9.8, provides coupling. For a low density 
plasma, (i.e. about 3 x 10 1 1 per cubic centimeter or less), 
quartz (Si02) wit relative dielectric constant of about 

25 3.85 provides optimum match, at a thickness of 1.63 cm. 
It be understood by those having skill in the art that the 
quarter wavelength condition for the window depends 
primarily on the dielectric constant, and also on the 
waveguide radius and the particular mode. The particu- 

30 lar window thickness to obtain the quarter wavelength 
condition may be readily obtained for other ECR tools. 

By right hand circularly polarizing the incoming 
microwave energy and using a quarter wavelength 
vacuum window for matching, it has been found that 

35 average plasma densities twice as high as conventional 
ECR tools may be with a high degree of azimuthal 
symmetry, over a range of plasma densities. Accord- 
ingly, high density processing is provided, with reduced 
need for m adjustable external tuning. 

40 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a simplified schematic diagram of a conven- 
tional ECR tool. 

FIG. 2 is a simplified schematic diagram of an ECR 
45 tool according to the present invention. 

FIGS. 3A-3B illustrate a design for the circular po- 
larizer of FIG. 2. 

FIG. 4 is an illustration of microwave coupling by the 
quarter wavelength vacuum window of FIG. 2. 
50 FIG. 5 is a graphical illustration of coupling effi- 
ciency in the tools of FIGS. 1 and 2. 

FIG. 6 is an impedance diagram for the tools of 
FIGS. 1 and 2. 

FIGS. 7A-7B are a graphical representation of aver- 
55 age plasma density versus power systems of FIGS. 1 
and 2. 

FIGS. 8A-8B are another graphical description of 
'average plasma density versus power for the systems of 
FIGS. 1 and 2. 

60 DESCRIPTION OF A PREFERRED 

EMBODIMENT 

The present invention now will described more fully 
. hereinafter with reference to accompanying drawings, 
65 in which a preferred embodiment of the invention is 
shown. This invention may, however, be embodiment 
in many different and should not be construed as limited 
to the e set forth herein; rather, this embodiment is so 
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that this disclosure will be thorough a co , and will fully 
convey the scope of the invention those skilled in the 
art. Like numbers refer like elements throughout 

For ease of presentation, the design of a conventional 
Electron Cyclotron Resonance (ECR) tool will first be 5 
described. Then a design of an ECR tool according to 
the present invention will be described. A quantitative 
(mathematical) explanation of the operation of the in- 
vention will then be provided. Finally, experimental 
data comparing a convention ECR tool with a tool 10 
designed according to present invention will be pro- 
vided. 

Conventional ECR Tool 

Referring now to FIG. 1, the overall design of a 15 
conventional ECR tool will now be described. As 
shown in FIG. 1, the ECR system or tool 10 typically 
includes a microwave source 11 which may be of any 
frequency but which typically emits microwaves at a 
frequency of 2.45 GHz. Typically the microwaves are 20 
emitted in a rectangular waveguide TEio mode al- 
though other modes may be used. The microwaves are 
then coupled to an isolator 12 which may be a circulator 
with a dummy load, for isolating the microwave source 

11 from the remainder of the system. The emitted mi- 25 
crowaves then pass through an external tuner 13 which 
acts as a variable impedance matcher for matching the 
impedance of the microwaves emerging from isolator 

12 to the remainder of the system. Typically, tuner 13 is 
a three stub tuner, although other tuners are also well 30 
known to those having skill in the art. 

The tuned microwaves are then coupled to a vacuum 
window 15 via a plasma coupler 14. The plasma coupler 
14 may simply couple the TEiomode to the processing 
chamber 16 via the window 15. Alternatively, the 35 
plasma coupler may also convert the rectangular TEio 
mode waves to cylindrical TEn waves, cylindrical 
TMoi waves or other modes. The sole function of win- 
dow 15 is to provide a vacuum seal for the chamber, 
while allowing microwave energy to pass there- 40 
through. In other words windows 15 function as a phys- 
ical barrier. Although typical designs have used alu- 
mina or quartz windows of arbitrary thickness, the 
dielectric constant thickness of the window have not 
heretofore been regarded as design parameters for the 45 
ECR tool. 

Continuing with the description of FIG. 1, plasma 22 
is created in the processing chamber 16 by interaction of 
the transmitted microwave power with a magnetic field 
generated by electromagnetic coils 17. As is well 50 
known to those having skill in the art, the electromag- 
netic field is generated to create an electron cyclotron 
resonance region 23 in the plasma 22. For a typical 
microwave source having frequency of 2.45 GHz, the 
magnet 17 is regulated to generate a flux density of 55 
875G at the electron cyclotron resonance 23 in the 
processing chamber 16. The plasma thus created oper- 
ates to process a sample 20 held in place by a substrate 
holder 21 to provide etching, deposition or other opera- 
tions according to techniques well known to those hav- 60 
ing skill in the art. The gas to supply plasma 22 is pro- 
vided to the chamber 16 via inlet port 18 and exhausted 
via outlet port 19. The chamber may be divided into a 
source chamber 16B in which electron cyclotron reso- 
nance occurs, and a typically larger processing chamber 65 
16A, in which the sample 20 is processed. 

The design and operational details of ECR tool 10 are 
well known to those having skill in the art and will not 



be described further herein. However, it should be 
noted that in the ECR tool of FIG. 1, a high circulating 
power typically exists between the plasma 22 and the 
tuner 13. In other words, a large portion of the micro- 
wave source power Pj is reflected back towards tuner 
13 shown as a reflected wave Pj?) with only a portion of 
the power Pf emerging through plasma coupler being 
coupled to the plasma to create microwave power P/> in 
the plasma. 

Typically, tuner 13 must be manually tuned to maxi- 
mize the power transmitted to the plasma. This tuning 
typically changes when any plasma parameter such as 
plasma concentration or gas type is changed, and the 
tuning may also need to be changed for a particular 
substrate as etching or deposition takes place. Tuning 
typically changes in an unpredictable manner. Accord- 
ingly, the need for tuning adjustments presents a design 
limitation in conventional ECR systems. Tuning re- 
quirements make ECR tool operation and substrate 
process development less repeatable and may prevent 
the achievement of optimum plasma densities, which 
reduces the ultimate deposition or etch rate. 

ECR System of the Present Invention 

Referring now to FIG. 2, an ECR system 110 accord- 
ing to the present invention will now be described. As 
already described, ECR system 110 may include a mi- 
crowave source 111 and an isolator 112. However, in 
contrast with the system shown in FIG. 1, an external 
tuner 13 need not be used because adjustable tuning of 
the microwave system is not typically needed. Accord- 
ing to the invention, impedance matching of the plasma 
wave to the plasma is accomplished by circularly polar- 
izing the plasma wave using a circular polarizer 124, 
and matching the impedance of the circularly polarized 
plasma wave to the impedance of the plasma using an 
impedance transformer coupled between the circular 
polarizer and the plasma. 

In particular, as shown in FIG. 2, the transformer 
preferably is in the form of a quarter wavelength vac- 
uum window 125. As is well known to those having 
skill in the art, a quarter wavelength window has a 
thickness which is one quarter of the wavelength of the 
wave passing through the window, and substantially 
reduces or eliminates the energy reflecting back to the 
circular polarizer 124 if the characteristic impedance of 
the quarter wave window is correctly chosen. The 
window transforms the impedance of the wave to that 
of the plasma. Accordingly, substantially all of the 
source microwave power P$ passes through the circular 
polarizer 124, is circularly polarized and passes through 
the plasma 122 to the ECR region 123. Enhanced 
plasma density without the need for adjustable tuning is 
thereby provided. 

The general operation of the system of FIG. 2 will 
now be described. Typically the microwave source 
emits microwaves of frequency 2.45 GHz in a rectangu- 
lar TEiomode. However, it will be understood by those 
having skill in the art that other modes may be used. 
According to the present invention, the microwave 
energy which contributes to electron cyclotron reso- 
nance is enhanced, and the microwave energy which 
does not contribute to electron cyclotron resonance is 
reduced, by circularly polarizing the incoming micro- 
wave in the direction in which the electrons rotate in 
the magnetic field provided by axial magnets 117. 

Conventionally, magnets 117 produce a high field 
near the vacuum window 125 so that the electrons ro- 



03/26/2003, EAST Version: 1.03.0002 



5,111, 

7 

tate in a clockwise circular direction in the chamber 
looking from the direction of the high magnetic field. 
Accordingly, the circular polarizing means 124 of the 
present invention preferably polarizes the incoming 
microwave energy in right hand circularly polarized 5 
(RHCP) cylindrical mode so that substantially all of the 
microwave energy transferred to the chamber 116 is 
polarized to reinforce the electron energy at the elec- 
tron cyclotron resonance. In other words, the micro- 
wave energy is circularly polarized in the angular direc- io 
tion which reinforces the electron rotation caused by 
the magnetic field, to create electron cyclotron reso- 
nance. Preferably RHCP TEu mode energy is gener- 
ated by the circular polarizer 124 although other circu- 
larly polarized modes may also be used. Extraneous 15 
modes, which do not contribute to electron cyclotron 
resonance are eliminated. 

According to the invention, having eliminated the 
undesired modes of microwave transmission, the de- 
sired circularly polarized microwave is then coupled to 20 
the plasma to minimize reflection by providing a vac- 
uum window 125 which also functions as an impedance 
matcher between the Circularly polarized wave and the 
plasma 122. Impedance matching is provided by the 
vacuum window 125 in two ways. First, the thickness of 35 
the vacuum window is made to be one quarter wave- 
length. Also, the dielectric constant of the window is 
chosen to provide an impedance match between the 
plasma and the circularly polarized microwave accord- 
ing to the following relationship: 39 

Z P XZ g =ZH 2 , 

where Zy>is the impedance of the plasma 122, Z. g is the 
characteristic impedance of the circularly polarized 3J 
microwave waveguide mode emerging from circular 
polarizer 124, and Z K is the characteristic impedance of 
the window 125. The quarter wavelength window 125 
can couple the circularly polarized wave to the plasma 
over a broad range of conditions for at least two rea- 
sons. First, the plasma impedance is known, and varies 
slowly with plasma conditions, so that a quarter wave 
transformer provides a relatively broadband impedance 
match to the known impedance. Moreover, since the 
window directly couples the circularly polarized wave 
to the plasma without the need to impedance match 
additional elements, the quarter wavelength window 
may be selected to match the circularly polarized wave 
to the plasma with a high degree of effectiveness. 

The following table describes the parameters of the 
quarter wavelength window 125 which may be used for 
high and low density plasmas, with a 2.45 GHz source, 
a TEi 1 mode in a waveguide of radius 6 cm, and a 950G 
field at the window (875G at the ECR resonance): 



55 



PLASMA 
DENSITY 


QUARTER WAVELENGTH WINDOW 


MATERIAL 


THICKNESS 


LOW 


Quart! (SiOl) 


1.63 cm 


«3 x 10 n /cm 3 ) 






HIGH 


Alumina (AI2O3) 


0.98 cm 


(>IO u /cm*) 





Referring now to FIGS. 3A and 3B, a detailed design 
of a circular polarizer 124 (FIG. 2) will now be de- 
scribed. As shown in FIG. 3, the right hand circular 65 
polarizer 124 for the incoming microwave may be im- 
plemented with a well known "turnstile branch circuit" 
which may be formed by crossing two 2WR284 rectan- 



gular waveguides disposed in communication with a 
hollow cylinder of radius "a" 134 at the intersection of 
the two waveguides. As also shown in FIG. 3, the two 
rectangular waveguides 126 and 127 may be provided 
with one or more fixed flanges 129, one or more adjust- 
able sliding shorts 130 and one or more adjustable tun- 
ing stubs 128, 131, to allow for adjustment of the circu- 
lar polarizer to minimize the amount of reflected en- 
ergy. Bolt holes 132 may be provided on window flange 
133 to bolt the quarter wave coupler 125 to the process- 
ing chamber 116. 

The general operation of the invention will now be 
summarized. In general, matching of the microwave 
source 111 to the plasma ECR resonance 123 is accom- 
plished in two ways. First, the right hand circularly 
polarized TEn cylindrical waveguide mode is used to 
produce only the plasma mode which is absorbed at the 
ECR resonance. In order to provide an ECR plasma 
source having plasma density greater than the critical 
density (i.e. an "overdense" ECR plasma source), the 
"whistler mode", which is a right hand circularly polar- 
ized mode, is preferably used. Since this wave is RHCP, 
matching to the whistler wave is most efficient if the 
coupler launches an RHCP wave itself. 

Second, a quarter wave vacuum window is used to 
greatly reduce the reflected microwave power from the 
plasma surface by matching between the low plasma 
impedance and the relatively high waveguide impe- 
dance. Using these matching techniques the present 
invention reduces microwave losses so that more micro- 
wave power is available for plasma creation. The inven- 
tion also eliminates the high electric fields due to large 
circulating power flows which may influence the 
plasma behavior in uncontrolled ways. The need for 
external tuners is reduced or eliminated. Reliability of 
plasma process development is thereby improved. 

In some situations, it may be desirable to adjust the 
ECR system of FIG. 2 to more closely match the exact 
plasma density. This may be accomplished, according 
to the invention, by varying the power applied to mag- 
nets 117 by a small amount to minimize the reflected 
power, because the plasma impedance depends upon 
the magnetic field as well as density. For example, a 
directional coupler 135 coupled to a power meter or 
other known measuring means may be used to measure 
the reflected wave. The magnetic field generated by 
coils 117 may be manually adjusted to an automatic 
adjustment means, such as a controller 136 may be used 
in a well known feedback arrangement, to adjust the 
power into coils 117 to minimize the measured reflected 
wave. Exact coupling for varying plasma density may 
thereby be provided. 

Quantitative Description 

A mathematical description of the improved coupling 
of the present invention will now be provided. In gen- 
eral, improved coupling is provided according to the 
present invention by determining the impedance of the 
circularly polarized microwave energy and by deter- 
mining the plasma surface impedance. The matching 
condition for a quarter wave transformer; i.e. 
ZpxZw—Zwindo* 1 * where Z/»is the plasma impedance, 
Zff is the circularly polarized (whistler) microwave and 
ZwWowis the impedance of the window; is then applied. 

A model for the microwave coupling in an ECR etch 
tool can be derived from Max weirs equations and the 
cold plasma dielectric tensor: 
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where 
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2 2 



2 2 



(I) 



(2) 



(3) 



10 



R = 1 



Pa 1 



15 



20 



25 



of the RHCP mode propagation and absorption do not 
affect the impedance calculation as long as the absorp- 
tion is complete. 

The externally incident microwave fields are neces- 
sarily confined in a waveguide 124 and these fields must 
be matched to the plasma wave fields at the boundary of 
plasma 122 adjacent window 125 in order to determine 
the reflection coefficient. However, the RHCP TEn 
mode in the dielectric window 125 is a good approxima- 
tion to a plane wave incident on the plasma surface, so 
it is valid to simply match impedances at the plasma 
boundary. The reflection coefficient p at the plasma 
surface is then related to Z/>by the usual transmission 
line formula: 



z p 
z w 



(i - p) 
(i + p) 



(8) 



arid o> is the microwave frequency, a> ff and mpe are the 
electron cyclotron and electron plasma frequencies 
respectively. The frequency is assumed to be in the 
range o<^ci>cf and the field quantities have a 
exp(ikx-io>t) dependence. If the wave is RHCP and 30 
launched along the magnetic field B 2 with k/=0 then 
Ejc=iEy and the wave equation is 



+ Rk£E x - 0, 



(4) 



35 



where ko— <a/c. The solution for plane wave propaga- 
tion in the Z direction for a constant density is: 



40 



and 



cB y - VJT E x . 



(5) 



(6) 45 



The plasma surface impedance may be calculated 
assuming a step function density profile at the plasma 
edge as shown by the solid line representing density in 50 
FIG. 4. The plasma surface impedance for the RHCP 
wave, normalized to free space, is 



Zp E, 1 <7) 
~ZT ~ cB y ~ 55 

where Zo= 377 ft. Typically Zp/Zo =0.05-0.2 for ECR 
parameters. The plasma surface impedance may be de- 
termined solely by the edge density and magnetic field 
arid the calculation may assume that there is no reflec- 
tion from points inside the plasma. This assumption is 60 
valid for the RHCP mode which is strongly absorbed at 
the ECR resonance, but it is a poor assumption for the 
LHCP mode which has no resonance but has a cutoff at 
n*> ~2nc, The impedance for the LHCP mode is simi- 
larly Z//Zo==l/VL with this caveat. Note that the 65 
LHCP mode is not typically used with the present in- 
vention, and is included herein to illustrate the effec- 
tiveness of having the correct polarization. The details 



where Z^is the characteristic impedance of the dielec- 
tric window in contact with the plasma. 

Referring now to FIG. 5, a graph of the reflected 
power ratio versus edge density of the plasma is shown. 
The solid line represents an ECR system according to 
the present invention (FIG. 2) while the dashed lines 
represent reflection from the plasma if the effect of the 
window is ignored (FIG. 1). Reflected microwave 
power in conventional ECR systems would show be- 
havior similar to the dashed lines, with their exact 
curves depending on the window thickness in those 
systems. According to the present invention, substan- 
tially no reflection takes place at plasma densities of 
10 ,2 cm -3 and only small reflection occurs for an order 
of magnitude above and below this value. Accordingly, 
the present invention provides optimum coupling over a 
wide range of plasma densities. The dashed lines in 
FIG. 5 show results of a calculation of reflected power 
(p 2 ) versus edge density for both TEj i mode polariza- 
tions assuming a relative dielectric constant e r =l for 
the window 15 and B=950G at the window. Note the 
large change in plasma load for the LHCP mode at 
n e >~2n c =1.5x 10 11 cm -3 which must be compensated 
for by the external tuner 13. The experimental situation 
for the LHCP mode cannot be modeled reliably be- 
cause of the possibility that some of the power is not 
absorbed. This unabsorbed power may eventually re- 
turn as reflected power with an amplitude and phase 
depending on plasma conditions. Above about 
1.5 X 10 u cm 3 , the LHCP mode is immediately cut off, 
and the phase of the reflected LHCP power at the 
turner location becomes fixed. Also note in FIG. 5 that 
the RHCP reflected power is large at the desired oper- 
ating densities greater than about 10 12 cm" 3 . 

The final step in modeling the experimentally ob- 
served impedance, Z/n is to include the effect of the 
vacuum window. This is calculated using the transmis- 
sion line equation applied to Zp as indicated in FIG. 4: 



Z p + Z»tonh(£/) 
Z w + ZpMihtfl!) 



(9) 



where /31 is the window thickness in wavelengths, tanh 
is the hyperbolic tangent, and Zhms the characteristic 
impedance of the dielectric window. 

A refinement of the plasma density model can simu- 
late the sheath at the plasma edge and gradients inside 
the plasma. Such a model is shown by the dashed line in 
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FIG. 4 ("ramp profile") where the density starts from 
zero at the window 125 (z=0) and increases to a final 
value at some distance z=d inside the plasma. The 
electric and magnetic field solutions in the density gra- 
dient region are given by Airy functions: 5 



E* « Exo \o\ M*) + 02 
and 

cB y = E xo (~^)("Zr) lflI Afiw) + ° 2 mv)] 



(10) 



10 



where w= — zlk^vnf/nra^VajVCcdceAi)— 1)]J, and aj 
and a2 are arbitrary constants. The Airy function solu- 15 
tions can be matched at z=d to an outward going solu- 
tion in the region z>d and to forward and reflected 
waveguide fields at the plasma boundary (z=0), to 
determine the reflection coefficient p at the boundary. 
Numerical solutions of these equations show that the 20 
density gradient at the window introduces a small in- 
ductive component to the plasma impedance. 

Normalized plasma impedances calculated from the 
step density model [Eq. (5)-(7)]and the density gradient 
model [Eq. {9)-(\Q)]m plotted as the lines Z/d=0) and 25 
2^d=0.1 cm), respectively, on a Smith chart in FIG. 6 
for plasma densities ranging from 10 11 to 10* 3 cm -3 , 
assuming a RHCP mode. Dashed lines labeled d=o line 
are calculated from the step model and dashed lines 
labelled d=0.1 cm include the effect of a density ramp 30 
with d=*0.I cm. Experimental data for Z/ M (solid line) 
looking through the quarter wavelength alumina win- 
dow lie near the center of the chart close to the d=o 
line calculated from the model. The input impedance 
viewing the plasma through an approximately 0.14 35 
wavelength quartz window is also shown. The density 
for the ramp model is taken as the plateau density 
(n,=n 0 in FIG. 1) and d=0.1 cm is chosen as an upper 
bound for a density ramp at the vacuum window. The 
density ramp introduces a positive reactive part to 40 
Zp/Z 0 . Larger values for d in the ramp model will give 
larger reactive parts to Zp/Z* However, one would not 
expect, nor have we observed, large scale density gradi- 
ents along the magnetic field in the main body of the 
plasma. Thus, a simple density step at the window [Eqs. 45 
(SM^lprovides the best model for plasma impedance. 

Finer details to the impedance model may include full 
two dimensional matching of the fields for the wave- 
guide modes, which is needed to treat the TMoi mode. 
Another improvement may include radially nonuniform 50 
plasma densities and magnetic fields at the window. 

The plasma surface impedance for the absorbed 
RHCP mode is limited to a small range for a wide range 
of density {Zp/Zo =0.05-0.2). According to the inven- 
tion, it is possible to match the microwaves to the 55 
plasma with a fixed transforming element. The wave- 
guide characteristic impedance for the RHCP TEn 
mode is sli phtly above that of free space: 
Zc/Z 0 = 1/V 1 -(fc/f)=; K24 for typical parameters, 
where f c =0.293 c/a is the cutoff frequency of the wave- 60 
guide. The two real impedances, Z p and Za are 
matched according to the invention using a quarter 
w ave transformer w ith a characteristic impedance 
VZpXZc-O.25-0.5. 

The vacuum window itself is ideally suited for use as 65 
the quarter wave transformer because it can have the 
cor rect characteris tic impedance given by 
Zn/Zo=l/Cr— (fc/f) 2 the TEu mode, using materials 



such as alumina (Zh/Zo=:0.3) or quartz (Z H /Zo=20 
0.55), where Z v is the window impedance, Z 0 is the 
impedance of free space, t r . is the window's dielectric 
constant, and f f /f is the cutoff frequency of the wave- 
guide. Also, the vacuum window is already in the cir- 
cuit, and it does not affect the mode polarization. Thus, 
according to the invention, a quarter wave vacuum 
window with a RHCP TEj i mode polarizer provides 
good coupling in an ECR etch tool without external 
tuning. 

The solid line in FIG. 5 shows the predicted reflec- 
tion coefficient for the TEn RHCP mode with an alu- 
mina (real part of dielectric constant «,=9.8) quarter 
wavelength matching section. The model predicts good 
matching near the reflection minimum for an order of 
magnitude variation in edge density without further 
tuning. The density of minimum reflection can be ad- 
justed with magnetic field or window material accord- 
ing to 



n e (min) 

7 e 



■(+-> 



(J2) 



where B 0 =875G for a microwave frequency of 2.45 
GHz for the RHCP-X/4 window coupler design. The 
dashed lines, labelled Zm(model) in FIG. 6, show the 
location of the input impedances resulting from the 
quarter wave matching design applied to Zp. Note that 
Z/«(model) is near the center of the Smith chart when 
the plasma has no reactive component, indicating a 
good match. 

It should also be noted that the TEn mode-quarter 
wave matched coupler design is circularly symmetric 
due to the rotation of the wave, and that it can be scaled 
to any radius 134 (a>0.293c/f) source chamber by sim- 
ply tapering the circular waveguide radius to the de- 
sired size. 

Experimental Data 

The following experiments were conducted to con- 
firm the improved plasma coupling according to the 
invention, using a system as illustrated in FIG. 2, com- 
pared to a conventional ECR tool as illustrated in FIG. 
1. The ECR chamber 16, 6 consists of a 15 cm diameter 
stainless steel source chamber 16B, 116B, connected to 
a 60 cm diameter process chamber 16A, 116A. The 
source is surrounded by a pair of magnet coils 17, 117 
and the field lines flair out into the process chamber 
where the wafer holder 21, 121 is located. A third coil 
can be used to control the magnetic field in the process 
chamber but was not used for the data presented herein. 

Microwave power in the range of 300- 1 500 W was 
applied through a ceramic window on one end of the 
source 11, 111 using couplers which convert the power 
into a circular waveguide mode. In the conventional 
tool (FIG. 1) a coupler 14 which produces a TMoi mode 
was used. According to the invention, a circular polar- 
izer 124 which produces a TEu mode with either 
RHCP or LHCP polarization was used. The TMoi 
coupler 14 launches 50% of the power in each of the 
RHCP and LHCP polarizations. The TEn circular 
polarizer 124 is of the turnstile type where power into 
one rectangular port produces a wave of arbitrary po- 
larization in the circular guide, and reflected power 
exits through a second rectangular port. Bench testing 
showed that it produced RHCP and LHCP modes with 
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more than 98% polarization. The plasma impedance source. Data was taken in argon using no external tun- 
was determined from the relative phase and amplitude ing. The density versus power curve for the conven- 
of the reflected and forward powers. The phase zero at tional RHCP mode-O. 14 wavelength window configu- 
the window position was determined by measuring the ration shows a smoothly increasing behavior. The 
phase with a short at the window. 5 anomalous behavior below 500 W seen with the TMoi 

Two vacuum windows were used. In the conven- mode is not present, which is consistent with the fact 
tional system of FIG. 1, a commercial quartz window that the LHCP mode is no longer present to complicate 
15 about 0.9 cm thick was used which implies an ap- the tuning. However, a poor match was obtained ^with- 
proximate electrical length of about 0.14 wavelength out external tuning. This same data for the RHCP-0.14 
assuming a dielectric constant of 4. In the system of the 10 wavelength quartz window is also plotted as the line 
present invention (FIG. 2), a window 125 was custom labeled Z lfl (0.14X) in FIG. 6. The LHCP-TE,, mode 
made to be a quarter wavelength (=0.98 cm) thick in with the 0.14A quartz window produces a very ow 
alumina (AI2O3). density until the power exceeds about 1000 W. The low 

Experimental measurements of line average electron source density n e< ~ 1 .2X 10 1 » cm - 3 , is not unexpected 
density vs. power in the source region of the ECR tools 15 because the LHCP mode is cut off for densities above 
is shown in FIGS. 7A and 7B for argon and SF 6 work- about 1.5X 10" cm~3. The line average density in the 
ing gases at 1 millitorr pressure with a flow rate of about source region jumps to about 6x W » cm ' for power 
20 seem. Data for the conventional TM 0 i mode was greater than 1000W and is correlated with the observa- 
taken with the 0.I4X quartz window, and a three stub tion of nonlinear behavior in the frequency spectrum 
tuner 13 was used to adjust the match for each data 20 from a probe in the source region. This nonlinear mecn- 

int anism for plasma creation with the LHCP mode is not 

The RHCP coupler and quarter wavelength window very efficient or controllable compared to using the 
design of the present invention produces a smoothly RHCP mode. Results for the RHCP-quarter wave- 
increasing plasma density versus power curve, and max- length window configuration of the present invention 
imum average densities of 2.3xl0i2 C m-* were 25 from FIG. 7A are replotted in FIG. 8A for comparison 
achieved in argon at microwave power of 1500W and FIG. 8B shows the effect of wave polarization and 
magnetic field strength of 950G at the window without window thickness on the fraction of the reflected power 
external tuning (FIG. 7A). Line-average densities rising for the three coupler configurations discussed in FIG. 
linearly to almost 2x 10^cm-3 were achieved in SF 6 8A. As predicated from the model, the RHCP-quarter 
(FIG 7B) at 1500W, again without active external tun- 30 wavelength window design of the present invention has 
ing The impedance derived from the measured re- low reflection without tuning, and it passes through a 
fleeted power and phase is plotted as a line labeled minimum reflection as a function of power and density 
Z/«(meas.) on the Smith chart of FIG. 6 and agrees well (FIG. 5). High reflected powers (40-80%) occur for the 
with the model predictions assuming a narrow sheath RHCP-0.14 wavelength quartz window configuration 
region (d much less than 0.1 cm). Longer gradient 35 because of the impedance mismatch from the plasma 
lengths would produce data with a much larger reactive and window. The reflection for the LHCP-0.14 wave- 
part Thus, the simple step model for the plasma density length window is also high (30-70%). 
is sufficient to describe the actual experimental data. In an ECR tool, the microwave power sustains the 
Plasma densities in the process chamber are about an plasma through which the waves propagate. One conse- 
order of magnitude less than in the source. At low pres- 40 quence of this nonlinearity is that the microwave source 
sures (SI mTorr) the process chamber density is re- operated less well on the low density side of the Pr/P/ 
lated to the source density by approximately the ratio of versus density curve (FIG. 5). Small density changes 
the magnetic field strengths of the two regions. As will tend to be damped out on the high density side of 
clearly seen in FIGS. 7A and 7B, at least twice the the curve because an increasing density will decrease 
average plasma density is obtained for a given input 45 the net input power [a 1-p 2 ] and thus tend to force the 
power, compared to the conventional design. density lower. On the other hand, a decreasing density 

The nonlinear density versus power behavior of the will increase the net input power, thus tending to force 
TM01 mode below about 500 watts m FIG. 7A is likely the density higher. In contrast operation on the low 
due to the fact that the density is sufficiently low that density side of the curve is unstable to density fluctua- 
the LHCP mode can propagate in the plasma. Since the 50 tions. It should be noted that this instability may occur 
LHCP mode has no resonance for absorption, some of in all end launched ECR sources and is not a result of 
that power is reflected back to the tuner with a phase the present invention. 

and amplitude depending highly on the plasma parame- This instability is not a serious limitation for the pres- 
ters. Tuning difficulties, such as hysteresis, were ob- ent invention because the operating point on the Pr/P/ 
served for powers less than 500 watts. Powers greater 55 versus density curve is controllable by the magnetic 
than 500 watts were sufficient to raise the plasma edge field at the window as well as by the density. A proper 
density well above 2n c cz 1.5 X 10* Uan- 3 , which caused choice of the magnetic field at the window will place 
the LHCP polarization to be reflected immediately at the ECR source in the stable operating range without 
the plasma-window interface and allowed it to be con- the need for further fine adjustment with external tun- 
verted in a stable way to the RHCP mode by the tuner. 60 ers. ■ 
An increasing density versus power was then achieved Equation (12) demonstrates that magnetic field 
and tuning became easier. Data for both argon (FIG. strength is the only impedance control parameter for 
7A) and SF« (FIG. 7B) showed this nonlinear behavior. the RHCP quarter window coupler design, and it may 
The breakpoints of about 500W for argon and about be adjusted according to the window material and the 
800W for SF6 are probably dependent on the specific 65 typical achievable plasma density. In fact, the reflected 
sue of the system. microwave power can be fine tuned to nearly zero by 

FIG 8A also shows the effect of the mode polariza- making small (e.g. less than 2%) changes in the mag- 
tion and window thickness on the operation of the ECR netic field at the window. As already described, this 
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adjustment is easily incorporated into a feedback 3. The electron cyclotron resonance apparatus of 
scheme to minimize the already small reflected power. claim 2 wherein said microwave generating means gen- 
Finally, the system of the present invention does not erates microwave energy of a predetermined frequency 
depend on having a turnstile or other 3-port type polar- and wherein the thickness of said window is one quarter 
izer. Two port polarizers are simpler to construct and 5 wavelength of the predetermined frequency, 
may be used as long as the small reflected power return- 4. The electron cyclotron resonance apparatus of 
ing in the wrong (LHCP) mode can be tolerated. For claim 2 wherein the composition of said window is 
example, the circular polarizer of FIG. 3 was operated selected to produce an impedance equal to the square 
as a 2-port device by shorting the load port, in which r0 ot of the impedance of the plasma times the impe- 
case the small amount of reflected power (less than 10 dance of the circularly polarized microwave energy, 
about 5%) is returned to the plasma as a LHCP mode. 5, The electron cyclotron resonance apparatus of 
For tw^2nf, this power is again reflected from the claim 2 wherein said window comprises a vacuum win- 
plasma and is absorbed in the circulator load. The con- <j ow for sealing said chamber. 

struction of simpler two port polarizers are well known $ The electron cyclotron resonance apparatus of 

to those having skill in the art. 15 c j a i m j wherein said circular polarizing means polarizes 

In the drawings and specification, there have been tne microwave energy in right hand circular polariza- 

disclosed typical preferred embodiments of the inven- tion 

tion and, although specific terms are employed, they are 7 j^e electron cyclotron resonance apparatus of 
used in a generic and descriptive sense only and not for c j aim ^ wnC rein said circular polarizing means polar- 
purposes of limitation, the scope of the invention being 20 {zcs the m i crowavc energy in right hand circularly 
set forth in the following claims. polarized TEi 1 mode. 
That which is claimed is: g jj,e electron cyclotron resonance apparatus of 

1. An electron cyclotron resonance apparatus com- daim f whcrein ^ transforming means comprises a 
prising: fixed transforming which is free of adjustment means. 

a processing chamber; 25 9. The electron cyclotron resonance apparatus of 

gas supplying means for supplying gas to said pro- clajm 2 wherein ^ microwave generating means gen- 

cessing chamber; erates microwave energy at 2.45 gigahertz; wherein 

microwave generating means for generatmg micro- ^ magnetic fie , d generating means generates a mag- 

wave energy; netic field flt c i ectron cyc iotron resonance of 875 Gauss 

circular polanzmg means coupled to said microwave 30 whercin a fa ^ chamber ^ a 

generating means, for circularly polanzing the * > ^ 1Ql2 cubic centimcter; 

microwave energy in a first angu ar direction and circular poking means polarizes the 

for suppressing circularly polanzed microwave W B " IW wuwma j~ * i~ ^i^ m A 

. j , J ^c-;to microwave energy in right hand circularly polanzed 

energy .n a second angular d.rect.on oppose the with I radius of 6 cm; wherein the composi- 

f,rst angular d.recnon; „ ner9tin , a 35 tion of said window comprises alumina; and wherein 

magnet* field generating means for generating a 

magnetic field in said processing chamber, the r 

maJU field causing electrons in said processing , The electron cyclotron resonance apparatus of 

chamber to rotate in the first angular direction in claim 2 wherein said microwave 8^™« 

electron cyclotron resonance to thereby generate a 40 microwave energy at 2.45 

plasma of the gas in the processing chamber, magnetic field generating means derates a mag- 

transforming means coupled between said circular netic field at electron cyclotron resonance of 875 Gauss 

polarizing means and said processing chamber, for f ength; wherein said plasma m said chamber has a 

Etching the impedance of said circularly polar- ^sity less than about 3 x 10" per cubic centimeter, 

ized microwave energy in the first angular direc- 45 wherein said circular polanzing means polarizes the 

tion, to the impedance of said plasma, to thereby microwave energy in tight hand circularly polarized 

couple the circularly polarized microwave energy TE U mode with a radius of 6 cm; wherein the composi- 

in the first angular direction to the plasma; and * said window comprises quartz having , dielectnc 

means for adjusting said magnetic field generating constant of 3.85; and wherein the thickness of said win- 

means to minimize remnants of microwave energy 50 dow is 1.63 centimeter. 

which are reflected from the plasma; " The mcthod for coupling a microwave source in 

wherein said adjusting means comprises: • an electron cyclotron resonance system, the electron 

means, coupled to said processing chamber, for mea- cyclotron resonance system including a processing 

suring said remnants of reflected microwave en- chamber, means for supplying gas to the processing 

ergy in said chamber; and 55 chamber, and means for generating a magnetic field in 

an electronic controller, responsive to said measuring the processing chamber, the magnetic field causing 

means and operatively connected to said magnetic electrons in the processing chamber to rotate in a first 

field generating means, for adjusting said magnetic angular direction in electron cyclotron resonance to 

field generating means to minimize the measured thereby generate a plasma of the gas in the processing 
remnants of reflected microwave energy. 60 chamber, said method comprising the steps of: 

2. The electron cyclotron resonance apparatus of circularly polarizing the microwave energy from the 
claim 1 wherein said transforming means comprises a microwave source in the first angular direction and 
window coupled between said circular polarizing suppressing circularly polarized microwave energy 
means and the processing chamber, at least one of the in a second angular direction opposite the first 
composition and the thickness of said window being 65 angular direction; 

selected to match the impedance of said circularly po- matching the impedance of the circularly polarized 

larized microwave energy to the impedance of said microwave energy in the first angular direction to 

plasma in the chamber. the impedance of the plasma; and 
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adjusting the magnetic field generating means to min- 
imize remnants of microwave energy which are 
reflected from the plasma; 
wherein said adjustment step comprises the steps of: 
measuring the remnants of microwave energy which 

are reflected from the plasma; and 
adjusting the magnetic field generating means to min- 
imize the remnants of the measured reflected mi- 
crowave energy. 
12. The method of claim 11 wherein said impedance 
matching step comprises the step of directly coupling 
the circularly polarized microwave energy to the 
plasma with a quarter wavelength transformer. 



10 



13. The method of claim 12 wherein said impedance 
matching step further comprises the step of directly 
coupling the circularly polarized microwave energy to 
the plasma with a quarter wavelength transformer hav- 
ing an impedance equal to the square root of the impe- 
dance of the plasma times the impedance of the circu- 
larly polarized microwave energy. 

14. The method of claim 11 wherein said circularly 
polarizing step comprises the step of right hand circular 
polarizing the microwave energy. 

15. The method of claim 14 wherein said right hand 
circular polarizing step comprises the step of right hand 
circular polarizing the energy from the microwave 
source into right hand circularly polarized TEu mode. 
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UNITED STATES PATENT AND TRADEMARK OFFICE 

CERTIFICATE OF CORRECTION 

Page 1 of 

PATENT NO. : 5,111,111 
DATED May 5, 1992 

INVENTOH(S) : Stevens et al. 

It is certif istf that error appears in the above-identified patent and that said Letters Patent is hereby 
corrected as shewn below: 

Column 4, line 22, after "provides" please insert 
— optimum-- . 

Column 4, line 36, after "be" please insert 
— obtained — • 

Column 4, line 66, delete "embodiment" and 
substitute "embodied" therefor. 

Column 4, line 67, after "different" please insert 
— forms — . 

Column 4, line 68, please delete "e« and substitute 
— embodiment — therefor. 

Column 4, line 68, after "this embodiment" please 
insert — provided — . 

Column 5, line 1, please delete "a co» and 
substitute — and complete — therefor. 

Column 9: 
Please delete: 



and substitute therefor: 
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CERTIFICATE OF CORRECTION 


PATENT NO. : 5,111 


$ 


111 


Page 2 of 3 


DATED May 5 


t 


1992 




INVENTORY : Stevens et al. 




It is certified that error eppears in the above-identified pattnt and that said Latters Patent is hereby 


corrected as shown below: 








Please delete: 




VxB=c- 2 d/dt(JC-E) 




and substitute therefor: 












Please delete: 




(R+L) -i(R+L) Q 








2 2 




K 




i (R+L (R+L) . 








2 2 








0 0 £ 




and substitute therefor: 








IR+L) -i(R-L) 0 




K - 




2 2 
i IR-L) IR+L) D 
2 2 
0 OP 
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UNITED STATES PATENT AND TRADEMARK OFFICE 

CERTIFICATE OF CORRECTION 



Page 3 of 3 



PATENT NO. 

DATED 

INVENTORY) 



5,111,111 
May 5, 1992 
Stevens et al. 



It is eirtffifd that trror appears in the above-identif tad patent and that aid Lattm Patent is hereby 
corrected es shown below: 

Column 12, lines 1-2, please delete 
w (Z w /Z o k200.55) , " and substitute — (Z„/Z o «0* 55) , — 
therefor. 

column 12: 

Please delete: 



Column 12, line 46 , please delete w 16 # 6" and 
substitute — 16 , 116 — therefor. 

Column 16, line 37, please delete "centimeters" and 
substitute — centimeter — therefor. 




and substitute therefor: 
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BBUCE LEHMAN 



Attesting Officer 
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